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Hybrid grating (HG) reflectors with a high-refractive-index cap layer added onto a high contrast
grating (HCG) provide a high reflectance close to 100% over a broader wavelength range than
HCGs. The combination of a cap layer and a grating layer brings a strong Fabry-Perot (FP) reso-
nance as well as a weak guided mode (GM) resonance. Most of the reflected power results from the
FP resonance, while the GM resonance plays a key role in achieving a reflectance close to 100% as
well as broadening the stopband. An HG sample with 7 InGaAlAs quantum wells included in the
cap layer has been fabricated by directly wafer-bonding a III-V cap layer onto a Si grating layer. Its
reflection property has been characterized. This heterogeneously integrated HG reflector may allow
for a hybrid III-V on Si laser to be thermally efficient, which has promising prospects for silicon
photonics light sources and high-speed operation.VC 2016 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4945737]
High contrast gratings (HCGs) have attracted much
attention as broadband reflectors, especially for vertical-
cavity surface-emitting lasers (VCSELs), enabling various
laser structures.1–5 In addition to the broadband high reflec-
tivity, the reflection/transmission phase of an HCG6–8 as
well as its derivative with respect to the in-plane wavevec-
tor9–11 can be engineered. The control of the derivative of
the reflection phase enables it to realize photonic heterostruc-
tures in in-plane directions, which is analogous to the elec-
tronic quantum wells. This property makes the HCG-based
vertical cavities an attractive platform for studying polariton
lasers12 and parity-time symmetry breaking.11
These interesting properties of HCGs originate from the
interplay of two waveguide modes propagating along the
z-direction. The interplay leading to broadband high reflec-
tivity occurs at periods of near sub-wavelength.1,13,14 Thus,
it is required that the refractive indices of materials surround-
ing a grating layer be significantly lower than those of the
grating, as shown in Fig. 1(a), so as to make all high order
diffractions evanescent. Otherwise, the efficiency of the 0-th
order diffraction, that is, the surface-normal reflectance of
our interest, cannot be very high, e.g., >99.9%. Thus, the
high contrast condition has been considered as a requisite for
the broadband high reflectivity.1
Recently, a grating reflector structure referred to as hybrid
grating (HG)15 or zero-contrast grating16 has been reported,
which does not rely on this requisite. As shown in Fig. 1(b),
an HG consists of a grating layer and a high-refractive-index
layer referred to as the cap layer. As shown in Figs. 1(c) and
1(d), for example, HGs can provide a broader stopband than
HCGs.15,16 They can be designed as a high-quality factor reso-
nator, as well.17 The cap layer introduces Fabry-Perot (FP)
resonance via the 0-th order diffraction, as well as the guided-
mode (GM) resonance via the 61-st order diffractions. The
role of the 1-st order diffraction in achieving a high reflec-
tance is qualitatively or phenomenologically discussed.15,18 Its
role in broadening the stopband has not been rigorously inves-
tigated. Furthermore, it has never been discussed whether the
engineering of the phase and the derivative of phase are also
possible for HG reflectors as in HCGs.
From the application point of view, the HG reflector
may have a significant impact on the design of hybrid III-V
on Si vertical-cavity lasers based on HCGs.19–23 The hybrid
vertical-cavity lasers are promising for silicon photonics
light sources20,21 and ultrahigh-speed operation.23 In HCG-
based hybrid lasers, achieving efficient heat dissipation is a
key challenge for continuous wave (CW) operation, due to
the poor heat conduction of the low refractive-index sur-
rounding materials, e.g., air or SiO2. A metallic heat spreader
or a channel can be a solution.19,22 An HG-based cavity con-
sisting of an HG reflector with a gain material in the cap
layer, a very thin dummy cavity, and another reflector can
reach the lasing condition, since the field intensity in the cap
layer can be comparable to that in the cavity.15 In the HG-
based laser, the heat can be dissipated directly from the cap
layer to the Si layer. For this configuration to be realized, the
heterogeneous integration of a III-V cap layer with a gain
material onto a Si grating needs to be tested.
In this letter, we numerically investigate the role of 0-th
and 1-st order harmonics in achieving high reflectivity as
well as broadening the stopband. This reveals that though
most of reflected power comes from the reflections involving
the 0-th harmonic, the reflections involving the 1-st harmonic
play a key role in achieving the broadband high reflectance.
Based on this, it is discussed how the properties of HCG can
be inherited to HG reflector, as well as the possible differ-
ence between TM and TE polarizations. Furthermore, a het-
erogeneously integrated hybrid grating with a gain material
in the cap layer is fabricated and characterized. This shows
the fabrication feasibility of this hybrid approach. For nu-
merical studies, a two-dimensional rigorous coupled wave
analysis (RCWA) method was used.24,25
First, the transmittance contours of an HCG and an HG
reflector are compared to obtain an insight on the origin ofa)Electronic mail: ilch@fotonik.dtu.dk
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differences in HGs from HCGs. The compared HCG and HG
reflector are identical except for a cap layer, as described in
the caption of Fig. 1. In the contour plot of the HCG shown
in Fig. 1(e), the bending of the transmittance dip line occur-
ring around a wavelength of 1.7 lm and a grating thickness
of 0.5 lm provides the broadest stopband of 1.5 lm to
1.7 lm, which is hereafter referred to as “grating stopband.”
As shown in Fig. 1(f), the narrow transmission contour lines
of the HG reflector outside the stopband looks like those of a
GM resonance filter, while being distorted within the grating
stopband. Due to the distortion, the transmittance dip line
becomes very flat around a cap layer thickness of 279 nm,
leading to a very broad HG stopband. Since the seemingly
distortion of contour lines occurs within the grating stop-
band, one may guess that the diffraction phase from the gra-
ting is abnormal within the grating stopband and strongly
influences the phase condition of the GM resonance.
In the cap layer, harmonics of f0;61g and f0;61;62g
are likely to be generated in TM and TE polarizations,
respectively. The angle of m-th order diffraction, hm in the
cap layer, is given by ncap sinðhmÞ ¼ ncap sinðhinÞ $ mk0=K,
where ncap is the refractive index of the cap layer, k0 is the
free-space wavelength, hin is the incident angle, and K is the
grating period. At normal incidence (hin¼ 0), the diffraction
order with a real diffraction angle is limited by mmax
¼ ncapK=k0. Since the refractive index of the cap layer is typ-
ically between 2.9 and 3.6 and the optimal value of K=k0 is
about 0.45 and 0.7 for TM and TE polarizations, respec-
tively,14 mmax is less than 2.0 for TM polarization and can be
larger than 2.0 for TE polarization. Thus, f0;61g are the
allowed diffraction orders in the cap layer for TM polariza-
tion, while f0;61;62g are also possible for the TE case.
Each diffraction order generates a corresponding harmonic
in the cap layer. Here, our discussion is focused on TM
polarization and the TE case will be commented on later.
As shown in Figs. 2(a) and 2(b), the possible beam paths
contributing to the reflectance of an HG reflector can be clas-
sified into two groups, depending on the involved harmonics
in the cap layer. A series of beam paths with the 0-th order
harmonic shown in Fig. 2(a) are related to FP resonance,
while those with the 1-st order harmonic shown in Fig. 2(b)
are related to the GM resonance. The reflection coefficient of
a beam path involving the m-th harmonic and i roundtrips is
represented by hmðiÞ. The summed coefficients, rS þ
PN
i¼1
h0ðiÞ and rS þ
PN
i¼1 hf0;61gðiÞ, are denoted by s0ðNÞ and
sf0;61gðNÞ, respectively.
The FP interference via the 0-th harmonic makes js0j
high over a broad wavelength range, even outside the grating
stopband, as shown in Fig. 3(a). As shown in Fig. 3(b), jrAj
is large, i.e., >0.8 over 1.35 lm to 1.80 lm wavelengths.
FIG. 1. (a) and (b) Cross-sectional
schematics of an HCG and an HG,
respectively. Numbers in parentheses
are refractive indices. (c) and (d)
Reflectance spectra of an HCG and
an HG, respectively. The HCG and
HG are identical except for the cap
layer. The grating period is 720 nm,
the grating thickness is 492 nm, and
the grating filling factor is 50%. The
cap layer thickness is 279 nm. (e) and
(f) Transmittance contours of an HCG
and an HG in dB scale, respectively.
For the cases in (e) and (f), other pa-
rameters than the grating thickness and
cap layer thickness are identical to the
cases in (c) and (d), respectively. The
green dotted lines in (e) and (f) desig-
nate 492 nm and 279 nm, respectively.
FIG. 2. (a) and (b) Shortest roundtrips in the cap layer via 0-th and 1-st order
harmonics, respectively. ri and pj denote interface reflection coefficients and
beam propagation factors, respectively.
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Thus, js0j including multiple reflections of jrAj becomes high
at these wavelengths, except around a wavelength of destruc-
tive interference. As, for example, shown in Fig. 3(b), the
in-phase condition of rS and h0ð1Þ around 1.36-lm and
1.80-lm wavelengths (see Fig. 3(c)) leads to high js0j values,
while their out-of-phase condition around 1.63-lm results in
a local decrease.
Furthermore, the in-phase coupling of the 1-st order har-
monic to the 0-th harmonic increases the reflection coeffi-
cient to be close to 1.0. As shown in Fig. 3(c), h1ð2Þ and
h0ð1Þ are nearly in-phase over 1.30 lm to 1.80 lm wave-
lengths, i.e., /h0ð1Þ $/h1ð2Þ & 0 or 2p. This in-phase cou-
pling makes jsf0;61gj close to 1.0, even compensating the
local dip around 1.63 lm in the js0j spectrum. Fig. 3(d)
shows that the in-phase condition of h0ð1Þ and h1ð2Þ denoted
by green dotted lines matches well with the position of trans-
mittance dip lines within 1.30 lm to 1.80 lm wavelengths,
which supports our explanation above. Outside these
wavelengths, the transmittance dip position is determined
mainly by the GM resonance condition since jrAj is no longer
high, leading to a weak FP resonance.
In Fig. 3(d), the in-phase condition is significantly dis-
torted within the grating stopband. Thanks to this distortion, the
in-phase condition can be met over a broad wavelength range,
given that the cap layer thickness is 279 nm. The phase differ-
ence, /h0ð1Þ $/h1ð2Þ is given by ð2/p0 þ/rAÞ $ ð2/p0
þ 2/p1 þ/rB þ/rC þ/rTÞ. As shown in Fig. 3(e), both
/rB and/rC have a convex shape within the grating stopband,
while other phases monotonically decrease with wavelength.
This leads to the distortion of in-phase condition. Since /p0
and/p1 increase with the cap layer thickness, one may choose
a certain cap layer thickness for obtaining the flattest in-phase
condition, which is 279 nm for the considered case. Figure 3(f)
shows a reflection delay spectrum of the HG,26 which measures
the time taken to reach a steady-state reflectance value when
measuring the reflectance in time. The long delay time around
FIG. 3. (a) Contour of reflection coeffi-
cient, js0ð50Þj in linear scale. N¼ 50
gives saturated values for s0 and sf0;61g.
(b) Reflection coefficient spectra, rA,
js0ð50Þj, and jsf0;61gð50Þj. (c) Reflection
phase spectra. (d) In-phase condition of
h0ð1Þ and h1ð2Þ (green dotted lines)
plotted with a transmittance contour in
dB scale (identical to Fig. 1(f)). (e)
Reflection phase spectra. (f) Reflection
delay time of the entire HG structure. For
js0j and jsf0;61gj in (b), /h0ð1Þ and
/h1ð2Þ in (c), /p0 and /p1 in (e), and
in (f), a cap layer thickness of 279nm is
assumed.
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1.63-lm wavelength explains that more number of multiple
reflections is needed to compensate the dip in js0j, as shown in
Fig. 3(b).
In the beginning of this letter, we note that the properties
of HCGs, i.e., the broadband high reflectance and the feasi-
ble control of reflection phase and its derivative, originate
from the interplay of two propagating modes. The effect of
the two-mode interplay is included in the 0-th order diffrac-
tion from an HCG. In HG reflectors, most of reflected power
results from the 0-th order diffraction efficiency, rA. Thus, as
in HCGs,6 the reflection phase of an HG can be varied more
than 2p while maintaining high reflectance values, as shown
in Figs. 4(a) and 4(b). Let us shortly discuss the TE
polarization case. In order to reach a reflectance close to 1.0,
the beam path related to the 2-nd order harmonic needs to be
in phase to those of 0-th and 1st order harmonics, which
seems to be difficult to be met over a broad wavelength
range.
An HG reflector sample was fabricated by heterogene-
ously integrating a III-V cap layer with an active material
onto a Si grating layer, as shown in Fig. 5(a). First, a grating
region with a grating period of 720 nm and a grating width
of 360 nm is formed in the 492-nm-thick Si layer of a silicon
on insulator (SOI) wafer, by using electron-beam lithography
and dry etching processes. Then, a III-V layer consisting of
a 105.5-nm-thick InGaAlAs layer (7 InGaAlAs/InGaAlAs
quantum wells with a gain peak at 1.54-lm wavelength) and
a 191.7-nm thick InP layer is directly wafer-bonded onto the
SOI wafer.27,28 The direct wafer bonding does not require an
expensive alignment process and provides a high yield for
wafer-scale as well as die-level bondings. Before the bond-
ing, both III-V and SOI samples are prepared with a RCA-1
process and a plasma treatment, and are pressed at 300 'C
after the bonding by using a bonding machine (EVG 520
HE). Then, the InP substrate is removed by using a wet etch-
ing process.
The reflection spectrum of the fabricated sample was
characterized by using a free-space setup which consists of
a super-continuum laser (SuperK Extreme, NKT Photonics),
a polarization filter, and an optical spectrum analyzer.
Parabolic gold mirrors are used to guide the light and focus
the light at the surface of the HG reflector sample. In this
setup, the incident angle of light onto the sample is &3.5'.
The reflection spectrum of a gold mirror measured by using
the same setup is used for calibration. As shown in Figs. 5(b)
and 5(c), the calculated and measured spectra with a
TM-polarized incident light shows a good agreement. The
absorption in quantum wells can decrease the reflectance by
up to 2%, depending on wavelengths. The overall blue shift
of the calculated spectrum can be attributed to the refractive
index value that we assume for InAlGaAs layer as well as
the neglected dispersion of refractive indices. The reflectance
of HGs is tolerable against typical fabrication deviations.15
In summary, the cap layer introduces FP resonance as
well as GM resonance. The in-phase condition of FP and GM
resonances leads to a very high reflectance close to 100%.
Though most of the reflected power comes from the FP reso-
nance, the GM resonance plays a key role in broadening the
FIG. 4. (a), (b) Reflection phase and
reflectance contour of an HG structure
with a cap layer thickness of 279 nm,
at 1.55-lm wavelength.
FIG. 5. (a) A scanning electron microscope (SEM) image of a fabricated
HG reflector sample. (b) and (c) Calculated and measured reflectance spectra
at an incidence angle of 3.5', respectively (blue: TM polarization and red:
TE polarization).
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stopband. The fabrication and characterization of a heterogene-
ously integrated HG sample shows the fabrication feasibility
of an HG-based Si-integrated laser, which has promising pros-
pects for silicon photonics light sources and high-speed laser
applications.
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